Tryptophan catabolism by indoleamine 2,3-dioxygenase (IDO1) is a physiological immunoregulatory mechanism often hijacked by tumors. Our recent extensive study of IDO1 protein expression in human tissues showed expression in mature dendritic cells and in pulmonary and placental endothelial cells. IDO1 was also expressed in 56% of tumors, either by tumoral, stromal, or endothelial cells. These results and reagent will guide the clinical development of IDO1 inhibitors for cancer therapy.
Introduction
In recent years, tryptophan catabolism by indoleamine 2,3-dioxygenase (IDO1) has emerged as a powerful mechanism of tumor-induced immunosuppression, favoring the growth of established tumors by dampening proliferation and function of antitumor effector T cells, while also promoting regulatory T-cell differentiation and inflammation-associated tumorigenesis. Although the exact mechanisms involved remain incompletely characterized, IDO1 is now recognized as a valid target for cancer therapy, based on promising preclinical results. IDO1 inhibitors have been developed and some of them have already been tested in clinical trials, either alone or in combination with other immunotherapies.
Although numerous studies have reported IDO1 expression in the context of mouse and human tumors, there is no consensus on the nature and exact location of IDO1 expression. Several studies reported IDO1 expression in the tumordraining lymph nodes (TDLNs), mostly in mouse tumor models, whereas others observed IDO1 expression at the tumor site, either constitutively or in the context of inflammation, which induces IDO1 expression through the production of interferon gamma (IFNg). Although these different facets of IDO1 expression may each represent a biological reality, part of these discrepancies may have resulted from the use of anti-IDO1 antibodies that lacked a careful validation for specificity, particularly for usage in immunohistochemistry. Other discrepancies may result from species-specific differences, inasmuch as, for example, constitutive IDO1 expression is commonly observed in human but not in mouse tumor cells.
To clarify these issues in the context of ongoing clinical trials with IDO1 inhibitors, our group recently developed and fully validated a new monoclonal antibody recognizing human IDO1, which provides a highly specific signal in immunohistochemical staining of paraffin sections. It allowed us to conduct an extensive analysis of IDO1 expression in normal and tumoral human tissues, which was reported in a recent publication. 1 In normal human tissues, IDO1 expression was observed in mature dendritic cells (DCs) located in secondary lymphoid organs, in some epithelial cells of the female genital tract, in endothelial cells of term placenta, and, surprisingly, in pulmonary endothelial cells. The biological function of IDO1 in lung endothelia is unclear. It is unlikely that tryptophan catabolism by cells exposed to the blood flow can impose an immunosuppressive flavor to the microenvironment. Therefore, a cell-intrinsic function is more likely. In that regard, it is interesting to note that the density of the pulmonary vasculature is reduced in IDO1-deficient as compared to that in wild-type mice, suggesting a role for IDO1 in lung vascular development. 2 In mice, inflammationinduced IDO1 expression in endothelial cells was also reported to induce vasodilation and contribute to reduced blood pressure during severe inflammation. 3 In secondary lymphoid organs, approximately 50% of mature conventional DCs expressed IDO1, whereas neither plasmacytoid DCs nor any other cell type did. This parallels the previously observed IDO1 induction during in vitro maturation of monocyte-derived DCs, which we observed during the terminal phase of the DC maturation program and might represent a negative feedback mechanism of retro-control of the immune response, aimed at protecting the organism from immunopathology. 1 In contrast, we observed that TDO2 and IDO2, 2 other tryptophan-catabolizing enzymes, were not expressed by monocyte-derived DCneither before nor after maturation. 1 Published work reported an enriched IDO1 expression in TDLNs as compared to normal lymph nodes, mostly in mouse tumor models but also in human tumors, suggesting an important role of TDLNs in shaping tumor immune tolerance. 4 However, our results did not confirm an enrichment of IDO1 expression in a series of 30 human TDLNs obtained from human melanomas and breast carcinomas: these TDLNs expressed IDO1 at the same level as normal lymph nodes. 1 These results suggest that, at least in humans, the IDO1 expression that is relevant to tumor immunosuppression is located at the tumor site rather than in TDLNs. This is in line with recent findings showing that the use of IDO1 inhibitors in a mouse model barely affected the priming of new antitumor T cells but strongly reactivated effector T cells in situ at the tumor site. 5 We also tested a series of 866 human tumors of 15 common types: approximately 56% expressed IDO1.
1 Three distinct cellular expression patterns emerged, individually or in combination: IDO1 was expressed by tumor cells (20% of the samples), by interstitial cells in lymphocyte-rich areas in the tumor stroma (46% of the samples), or by endothelial cells (14% of the samples). Part of the IDO1 expression by tumor cells might result from an ongoing immune response involving T lymphocytes producing IFNg, a strong inducer of IDO1 expression. This is exemplified by cervical carcinoma, where IDO1-positive tumor cells are often located at the periphery of tumor nodules, which are surrounded by T lymphocytes ( Fig. 1A and B) .
1 This is reminiscent of the expression profile observed for PD-L1, another protein involved in tumoral immune resistance, which is also induced by IFNg and often observed in T-cell-infiltrated tumors. 6 This PD-L1 expression profile, indicative of an adaptive resistance mechanism, was found to predict clinical responses to PD1/PD-L1-blocking reagents. 7 In a similar manner, IDO1 expression in inflamed tumors might also result from an adaptive resistance mechanism. In line with this, IDO1 expression in human melanoma was found to correlate with T-cell infiltration. 8 The IDO1 expression we often observed in the tumor stroma also likely results from an adaptive resistance mechanism. Such a pattern was dominant, for example, in colorectal carcinomas.
In contrast, a subset of tumors expressed IDO1 within tumor cells in the absence of any inflammation. 1, 9 This is the case in many endometrial carcinomas, which often contain IDO1-expressing tumor cells scattered within tumor nodules in the absence of obvious T-cell infiltration ( Fig. 1C and D) .
1 Constitutive IDO1 expression was also observed in a number of human tumor lines, 9 and is likely triggered by oncogenic events whose characterization will be of great interest. Tumor-intrinsic constitutive IDO1 expression might contribute to tumoral immune resistance by preventing T-cell infiltration, a mechanism conceptually different from adaptive resistance, where IDO1 expression would represent a negative feedback mechanism induced by the T-cell response.
The last pattern of IDO1 expression, which was particularly striking in kidney cancer, is restricted to endothelial cells. As discussed earlier, the biological function of endothelial IDO1 is unclear at the present time. Intriguingly, endothelial IDO1 expression in kidney tumors was reported to be associated with a better prognosis, whereas in most other tumor types, IDO1 expression is associated with a worse clinical outcome. 10 Notably, as opposed to many other tumor types, T-cell infiltration of kidney tumors is associated with a bad prognosis. Further studies will be required to understand those unexpected features of kidney tumors. The new antibody reported in this study will be a useful translational tool not only to address such mechanistic issues, but also to select patients more likely to benefit from IDO1 inhibitors currently under clinical development.
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